In the last few decades extensive studies focusing on both qualitative and quantitative descriptions of the Reynolds stress within aquatic canopies have been carried out. Although these studies have advanced our knowledge of mechanics of flow-vegetation interactions, further research in this area is still required. In particular, there is a need for development of new simple physically-based relationships describing the Reynolds stress profiles within submerged vegetation canopies. This paper addresses this issue and proposes a physically justified formulation for the Reynolds stress profile within the canopy region.
Introduction
Many phenomena in open-channel flows such as flow resistance, transport of pollutants, deposition and erosion of sediments are directly influenced by the primary Reynolds stress. Although for flows over smooth and sedimentary rough beds extensive data on Reynolds stress are already available, for vegetated flows such information remains limited, especially for the region within vegetation canopies. The available data suggest that the Reynolds stress in vegetated flows peaks around the top of the canopy and then it rapidly decays downward (e.g., Nepf and Vivoni, 2000; Poggi et al., 2004) . The sharp decrease in the Reynolds stress within the canopy region is mainly caused by the drag due to vegetation elements. To predict vertical profiles of the Reynolds stress for flows with submerged vegetation researchers proposed a range of models (e.g., Lopez and Garcia, 2001) . Although the past studies have provided some insights into the Reynolds stress distribution for aquatic flows, further research is still required. In particular, development of simple physically-based relationships for the Reynolds stress profiles within the canopy region is needed, as it is important for solving a range of practical problems, e.g., characterization of hydraulic habitat, sedimentation and passive substance transport within canopies. The goal of this paper, therefore, is to develop a physically justified relationship of the Reynolds stress distribution within a submerged vegetation canopy. In the following section, a relationship describing the vertical profile of the Reynolds stress within the canopy is derived first. This is followed by a description of experimental data and methods. Then, the proposed formulation is tested using extensive laboratory experiments and the effects of flow and vegetation characteristics on the driving parameters are identified.
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Relationship for the Reynolds stress distribution within the vegetation canopy
In general, the vertical distribution of the Reynolds stress in open-channel flows with vegetated beds can be complex, especially in the near bed region where the time-averaged flow is spatially heterogeneous. Hence, the use of the time-(ensemble-) averaged hydrodynamic equations for this region is not practicable due to high spatial variability of flow velocities and turbulence characteristics. To resolve this issue, researchers use the double-averaged (in both time and space domains) Navier-Stokes (DANS) equations that explicitly contain important additional terms such as form-induced stresses and viscous and form drag terms for the flow region within the canopy (e.g., Nikora et al., 2007 (1) is commonly parameterized using a relationship:
where D C is the drag coefficient; a is vegetation density, i.e., the total frontal vegetation area per unit fluid volume; and u is the local double-averaged velocity.
Equation (2) shows that for the homogeneous vegetation with height-independent density a (i.e., a = const), the drag force Dx Thus, assuming that the drag force within the canopy is approximately constant after integration of Eq. (1) we obtain a linear relationship for the total fluid stress within the UC region:
At z h τ = , where the total vertical momentum flux ( ) / 0 h τ τ ρ = (Fig. 1) , the integration constant is equal to ( )
The elevation z h τ = subdivides the vegetation canopy into the LC and UC regions with different momentum transport and drag-forming mechanisms. In the UC, the momentum transport is dominated by the total vertical momentum flux, while in the LC it is dominated by the gravity effect, as was first pointed out by Nepf and Vivoni (2000) . individually for the LC and UC regions ( Fig. 1) and integrating it one obtains: 
The ratio of drag forces (6) Substituting it into Eq. (6) we derive:
Equation (7) shows that the dependence of the ratio of drag forces on the relative submergence is in general non-linear. For emergent conditions, i.e., (4) for the total fluid stress and an expression for the drag force ratio (7) are deduced. To test proposed relationships, an extensive programme of laboratory experiments was carried out. The details on the experimental data and their analysis are presented in the following section.
Experiments and methods

Experimental set-up
Laboratory experiments were carried out in a 12.5 m long and B = 0.3 m wide rectangular glass-sided tilting flume (Fig. 2) . An adjustable weir located at the discharge tank was used to minimize backwater effects and extend the section of (quasi-)uniform flow. The water discharge Q was measured by an electromagnetic flow meter Sitrans MAG 5100 W. Ten piezometric intakes tapped along the centre line of the flume bed were used to measure water surface slope. The water depth H and deflected canopy height c h were measured at ten evenly-spaced cross-sections along the flume using decimal rulers glued to the glass side wall of the flume.
A three-component Nortek down-looking ADV was used to measure instantaneous velocities Fig. 2 . A sampling duration of 120 s, sampling frequency of 25 Hz, and standard ADV measurement volume of 0.25 cm³ were used. To conduct laboratory experiments, two types of artificial flexible garden grasses, i.e., EasyPlants (EP) and EverGreens (EG), have been selected (Fig. 2 and Table 1 ). The stems are arranged as groups of uniformly distributed plants weaved to a thin black plastic base (Fig. 2c) . Each plant consisted of exactly 16 for EP100/EP50 and on average 20.8 (varied from 19 to 24) for EG100 individual stems of undeflected height 3.59 and 4.38 cm, respectively. The key parameters for both grasses are shown in Table 1 , including porosity φ and the stem flexural rigidity J . The experiments involved measurements of the: (a) bulk hydraulic parameters (water depth, water surface level, flow rate, and channel bed slope); (b) vegetation characteristics (canopy height, density, geometrical and biomechanical characteristics, and porosity), and (c) instantaneous velocities measured at a single location in the middle of the flume (along and across the channel). The ranges of the main parameters are shown in Table 1 . Table 1 . Grass characteristics and ranges of experimental parameters. 
Data analysis
In the proposed relationship (4), the total fluid stress is approximately equal to the Reynolds stress, i.e., ( ) / ' ' ( ) z u w z τ ρ ≈ − , since contributions from both form-induced (Poggi et al., 2004 ) and viscous stresses are negligible. Therefore (4) can serve as a relationship of the Reynolds stress distribution within the canopy. In the present study, the primary Reynolds stress is determined as:
where the second term on the right-hand side of (9) is used to eliminate potential probe misalignment effects in the computation of the primary Reynolds stress. The parameters of Eq. (4) for the UC region, i.e., the gradient Then, using the obtained parameters A and C , the constant drag force UC F for the UC and the level h τ of the negligible vertical turbulent transport of momentum are determined as:
To compare estimates of h τ from (11) with the penetration depth p h proposed in Nepf and Vivoni (2000), their "10%-technique" was applied to the vertical profiles of Reynolds stress (9). Specifically, the penetration depth is estimated as the distance from the channel bed to an elevation where the Reynolds stress decays to 10% of its maximum value.
Tests of the Reynolds stress relationship
The Reynolds stress relationship (4) is tested using the experimental data for all three data sets described in section 3.1. The data demonstrate that Eq. (4) approximates the Reynolds stress distribution within the upper canopy very well. This implies that the parameters A and C in (10) and (11) can be used to estimate the upper canopy drag force UC F and the depth of negligible vertical turbulent transport of momentum h τ .
The depth of negligible vertical turbulent transport of momentum h τ is compared in Fig.  3 
The right-hand term in (12) is equivalent to the ratio ( ) (
